Notch signaling regulates cell fate decisions during development and in the adult (1) (2) (3) . The signaling pathway is activated by direct interactions between Notch receptor, a transmembrane protein present at the surface of a signal-receiving cell, and a DSL (Delta/Serrate/Lag2) ligand, a transmembrane protein at the surface of a signal-sending cell. In mammals, there are four different Notch receptors (Notch 1-4), and five DSL ligands (Delta-like 1, 3, and 4 and Jagged 1 and 2). Ligandbound Notch undergoes proteolytic cleavage at the S2 site in the extracellular domain, which is mediated by ADAM10 or ADAM17 (4 -6) , members the ADAM family of metalloprotease-disintegrins (7, 8) . This is followed by the cleavage at the S3 site in the transmembrane domain of Notch by a ␥-secretase complex (9, 10) . The intracellular domain of Notch translocates to the nucleus, where it interacts with CSL (CBF1, Su(H), Lag-1) transcription factors and activates expression of target genes (11) .
Similar to their receptors, Notch ligands also undergo ADAM-mediated cleavage in their extracellular domains, which is then followed by processing by ␥-secretase (12) (13) (14) (15) . Two ADAMs were postulated to cleave Notch ligands in mammalian cells, ADAM10 and -17. ADAM10 was implicated in the processing of mouse (13) and rat Delta-like 1 (Dll1) 3 (14) , whereas ADAM17 was suggested to cleave rat Jagged 1 (14) .
Proteolytic cleavage of Dll1 in ADAM10
Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) still amounts to 50% of the processing observed in ADAM10 ϩ/ϩ MEFs (13) , suggesting that ADAM10 is only partially responsible for Dll1 cleavage and other ADAMs may account for the remaining processing in ADAM10 Ϫ/Ϫ cells. MEFs express several ADAM proteins with catalytically active metalloprotease domains, including ADAM9, -12, -15, and -17 (16) . However, to date, none of these ADAMs has been shown to be capable of cleaving Dll1.
Furthermore, although it is well established that proteolytic processing of Notch ligands down-regulates Notch signaling in neighboring cells (17, 18) , the effect of ligand cleavage on the Notch pathway within the same cell is less clear. Notch receptors can associate with their ligands in a cell-autonomous manner (19 -21) . Associations between receptors and ligands in cis decrease Notch receptivity and attenuate the Notch pathway (19 -22) . In Drosophila, proteolytic processing of Delta by ADAM10-like (Kuzbanian-like) alleviates the inhibitory effect of Delta on Notch in the same cell (23) . In contrast, processing of Jagged 1 in mammalian cells by ADAM17 was postulated to inhibit Notch signaling in cis due to competition of the C-terminal fragments of Jagged 1 and Notch for ␥-secretase (14) .
In this work we have tested the ability of several ADAMs other than ADAM10 to cleave murine Dll1 and examined the effect of Dll1 cleavage on Notch signaling in the same cell. We show that ADAM12, which has not been previously implicated in Notch signaling, can efficiently process Dll1 but not Notch1. We demonstrate that Dll1 cleavage by ADAM12 activates Notch in a cell-autonomous manner. In addition, we show that two other ADAMs, ADAM9 and 17, are capable of Dll1 processing, and we identify a residue within the ADAM catalytic motif that appears necessary for the cleavage of Dll1. The extent of processing of Dll1 transfected into ADAM9/12/15 Ϫ/Ϫ MEFs is reduced when compared with the processing in wild type MEFs, suggesting that the endogenous ADAM9 and/or ADAM12 present in wild type MEFs contribute to Dll1 cleavage. Finally, we show that the endogenous Dll1 present in primary mouse myoblasts undergoes cleavage in confluent, differentiating myoblast cultures, and this cleavage is decreased by ADAM12 small interfering RNAs (siRNAs).
EXPERIMENTAL PROCEDURES
Expression Constructs-Mouse Dll1 cDNA was amplified by PCR using a full-length clone (ID 6402691; Invitrogen) as a template and cloned into pIRESpuro expression vector. c-MycDll1 containing an internal c-Myc tag between amino acids 46 and 47, inserted into the SacII site in Dll1 cDNA, was cloned into pcDNA3.1 vector. Mouse full-length cDNAs of ADAM9, -12, -15, and -17 were cloned into pcDNA3.1 vector; these ADAMs contained c-Myc and His 6 tags at their termini. An untagged ADAM12 was generated by introducing a stop codon after the C-terminal Lys residue. The E349Q and N353S ADAM12 mutants and the S354N ADAM15 mutant were generated by site-directed mutagenesis using QuikChange kit (Stratagene). Mouse Notch1 containing an intact extracellular domain and in which 348 C-terminal amino acids were replaced with 6 copies of c-Myc tag (pCS2ϩmN1FL6MT) was provided by R. Kopan (Washington University). CBF1 reporters containing four wild type or mutated CBF1 binding sites (pJH23A and pJH25A, respectively) were provided by D. Hayward (Johns Hopkins School of Medicine); Notch reporter containing eight CBF1 binding sites (pJT123A) was provided by P. D. Ling (Baylor College of Medicine).
Cell Culture and Plasmid Transfection-COS-7, NIH3T3, and CHO-K1 cells (American Tissue Culture Collection) were grown in Dulbecco's modified Eagle's medium (DMEM; COS-7 and NIH3T3) or F12K nutrient mixture (CHO-K1), supplemented with 10% fetal bovine serum, at 37°C in the presence of 5% CO 2 under a humidified atmosphere. Primary myoblasts were isolated from 2-3-day-old C57BL/6 mice according to Rando and Blau (24) and grown on collagen I-coated plates in DMEM supplemented with 20% fetal bovine serum and 100 g/ml each penicillin and streptomycin. MEFs isolated from ADAM9/12/15 Ϫ/Ϫ (16) or from wild type mice and immortalized with simian virus 40 large T antigen were grown on gelatincoated dishes in DMEM containing 10% FCS and 100 g/ml each penicillin and streptomycin.
One day after plating, cells were transfected using Fugene6 (Roche Applied Science). In most experiments the amount of total DNA was 1 g/well in a 6-well plate; for CBF1 reporter assays, 2.05 g of DNA/well was used (see below). For stable expression of c-Myc-Dll1 in CHO-K1 cells, transfected cells were grown for 2 weeks in the presence of Geneticin (800 g/ml); a clone positive for c-Myc-Dll1 expression was isolated. Cells with the highest expression of cell-surface c-Myc were further selected by cell sorting using FACSCalibur (BD Biosciences).
RNA Interference-Three different Silencer siRNA duplexes specific for mouse ADAM12 and a negative control siRNA (control #1) were purchased from Ambion. The sequences of sense RNA strands were: CCAGAGAGGAGCUUACGAAtt (siRNA1); GCCAAUGAAAAACACCACUtt (siRNA2); GCAAAUUACCACAUUGUCUtt (siRNA3). Mouse primary myoblasts were trypsinized and transfected with individual siRNA duplexes (30 nM) using siPORT NeoFX transfection reagent (Ambion) as cells attached to plates. One day after transfection, confluent cells were transferred to differentiation medium (DMEM with 2% horse serum). The level of expression of ADAM12 and the amount of Dll1 cleavage were analyzed 40 h later.
Cell Treatments-In some experiments, before harvesting, cells were incubated for 3 h with 5 M lactacystin (a proteasomal inhibitor), for 6 h with 1 M L685,458 (a ␥-secretase inhibitor), for 1 h with 1 M ionomycin, or for 1 h with 25 ng/ml phorbol myristate acetate (PMA). Cells were serum-starved for 30 min before and during the PMA treatment.
Western Blotting-Cellular proteins were extracted with extraction buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM 4-(2-aminoethyl)-benzene-sulfonyl fluoride hydrochloride (AEBSF), 5 g/ml aprotinin, 5 g/ml leupeptin, 5 g/ml pepstatin A, 10 mM 1,10-phenanthroline; 0.5 ml extraction buffer/well in a 6-well plate). Cell extracts were centrifuged at 21,000 ϫ g for 15 min, and supernatants were resolved by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was blocked with 3% (w/v) dry milk and 0.3% (v/v) Tween 20 in DPBS, then incubated with primary antibodies in blocking buffer, followed by incubation with horseradish peroxidase-labeled secondary antibodies and detection using the WestPico chemiluminescence kit (Pierce). To detect the endogenous ADAM12 in primary myoblasts, cell extracts were enriched for glycoproteins using concanavalin A-agarose beads (20-l bed volume/ml cell extract) before SDS-PAGE and Western blotting (25) . The following primary antibodies were used: rabbit anti-ADAM12 cytoplasmic peptide antibody (1:3000), rabbit anti-ADAM12 disintegrin antibody (1:3000), rabbit anti-Dll1 (Santa Cruz Biotechnology, H-265; 0.2 g/ml), mouse anti-c-Myc (clone 9E10, Upstate Biotechnology; 1 g/ml). Secondary antibodies were horseradish peroxidase (HRP)-conjugated anti-rabbit IgG or anti-mouse IgG (heavy and light chain-specific) or HRP-conjugated anti-rabbit IgG (Fc fragment-specific, Jackson ImmunoResearch; 0.8 g/ml; used in the experiment shown in Fig. 4C ). Intensities of the bands in Western blots were determined by densitometry and quantified using ScionImage software. Each experiment involving quantitative determination of Dll1 cleavage was repeated at least three times.
Metabolic Labeling and Immunoprecipitation-To immunoprecipitate the N-terminal fragment of Dll1 from culture media, 24 h after co-transfection with c-Myc-Dll1 and ADAM12, COS-7 cells were transferred to DMEM:methionine/cysteine-free DMEM (1:9) containing 35 S-labeled EasyTag Express protein labeling mix (267 Ci/ml, PerkinElmer Life Sciences). After 16 h medium was collected, cell debris was removed by centrifugation, and supernatant was used for immunoprecipitation with 9E10 antibody (5 g/ml). To immunoprecipitate c-Myc-tagged ADAMs or untagged ADAM12, 36 h after transfection cells were lysed with extraction buffer, cell extracts were centrifuged at 21,000 ϫ g for 15 min, and supernatants were used for immunoprecipitation with 9E10 antibody (5 g/ml) or with anti-ADAM12 cytoplasmic peptide antibody (1:250), respectively. To immunoprecipitate Dll1 from transfected MEFs or the endogenous Dll1 from primary myoblasts, anti-Dll1 antibody (H-265, 5 g/ml) was used. After preclearing, supernatants were incubated with antibodies and protein G-Sepharose 4 Fast Flow (Amersham Biosciences), the beads were washed three times with extraction buffer, and immunocomplexes were eluted with SDS-PAGE sample buffer and analyzed by electrophoresis and autoradiography or Western blotting.
CBF1 Reporter Assay-NIH3T3 cells in 6-well plates were transfected at 50% confluence with 0.5 g of Notch1, 0.5 g of CBF1 firefly luciferase reporter, 0.05 g of Renilla luciferase (pRL-TK), 0.5 g ADAM12 or empty pcDNA3.1 vector, and 0.5 g of Dll1 or empty pIRES-puro vector. Twenty-four hours after transfection, CHO-K1 cells stably transfected with c-MycDll1 or with empty vector were added (10 6 cells/well) and cocultured for an additional 24 h. Firefly and Renilla luciferase activities were determined using the Dual-Luciferase reporter assay system (Promega). The activity of Renilla luciferase was used as an internal control for transfection efficiency.
RESULTS
First, we asked whether ADAM12 is capable of processing Dll1. When untagged Dll1 was transfected into COS-7 cells, antibody specific for the C terminus of Dll1 detected the fulllength protein of ϳ90 kDa and a low level of the C-terminal Dll1 fragment (CTF) of ϳ29 kDa in cell lysates (Fig. 1A) . Co-transfection of wild type mouse ADAM12, but not the catalytically inactive E349Q mutant, strongly increased the abundance of CTF (Fig. 1A) , suggesting that ADAM12 cleaved Dll1. To follow the fate of the N-terminal portion of Dll1, we introduced c-Myc tag between amino acids 46 and 47 of Dll1 (Fig. 1B) . After metabolic labeling of transfected cells with [ 35 S]methionineϩcysteine, we immunoprecipitated the ϳ60-kDa soluble N-terminal fragment (NTF) of Dll1 from culture medium (Fig. 1B, middle panel) . The amount of detected NTF was much higher when cells were co-transfected with wild type ADAM12, indicating that Dll1 cleavage took place in intact cells and that NTF was released to medium.
ADAM12-catalyzed processing of Dll1 (as well as the processing mediated by endogenous ADAMs present in COS-7 cells) was more efficient at high cell density (ϳ90% confluence at the time of assaying) than at low cell density (ϳ50% confluence; Fig. 2A ). This result suggested that the cleavage might have taken place in trans orientation. However, co-transfection of ADAM12 and Dll1 yielded significantly more CTF than coculture of cells that were singly transfected with Dll1 or with ADAM12 ( Fig. 2B) , indicating that the cleavage occurred in cis. Thus, cell density dependence of Dll1 cleavage suggests that interactions of Dll1 or ADAM12 with proteins present on the surface of neighboring cells may be required for the efficient processing of Dll1.
It was reported that removal of the extracellular domain of Dll1 was followed by cleavage of CTF by ␥-secretase (12) (13) (14) . In our experiments the product of ␥-secretase (ICD, the intracellular domain of Dll1, ϳ3 kDa smaller than CTF) was poorly detectable in immunoblots, but it was augmented in cells treated with lactacystin, a proteasomal inhibitor (Fig. 3A) . Incubation of cells with L685,458, a ␥-secretase inhibitor, resulted in increased accumulation of CTF (Fig. 3A) . These results suggest that at least part of ADAM12-generated CTF Dll1 is further processed by ␥-secretase to produce ICD Dll1, and the ICD fragment is then subject to proteasomal degradation.
ADAM10-or ADAM17-mediated cleavage of several substrate proteins is increased by ionomycin or phorbol esters, respectively (16, 26 -28) . Here, ADAM12-mediated processing of Dll1 was not increased by ionomycin and was only weakly stimulated by PMA (Fig. 3B ). This result indicates that ADAM12 is capable of constitutive rather than stimulated cleavage of Dll1.
To test whether ADAM12 can also cleave Notch, a receptor for Dll1, we co-transfected COS-7 cells with ADAM12 and Notch1 and cultured cells at high density. As a positive control, we used ADAM17, which acts as ␣-secretase for Notch and, upon ligand binding, cleaves Notch at the S2 site (4). After stimulation of cells with PMA, the S2 cleavage product NEXT, was clearly detected in ADAM17-cotransfected cells (Fig. 3C ). In contrast, the S2 product was not detected in ADAM12-transfected cells, suggesting that ADAM12 lacks ␣-secretase activity toward Notch1.
ADAM12-mediated Dll1 processing did not require an intact cytoplasmic tail of ADAM12, as the full-length ADAM12 and the XT fragment containing a 169-amino acid deletion at the C terminus (29) processed Dll1 equally well (Fig.  4A ). Dll1 and ADAM12 co-immunoprecipitated together by an antibody specific to the C terminus of ADAM12 (Fig. 4B) . Interestingly, the immunocomplexes contained the full-length Dll1 but not the 29-kDa CTF (Fig. 4C) . The N-terminal extracellular fragment of Dll1 generated after ADAM12 cleavage was, however, also excluded from the ADAM12-Dll1 immunocomplexes (Fig. 4D) , suggesting that only the full-lengthDll1 was capable of interacting with ADAM12. The lack of 60-kDa NTF Dll1 in ADAM12 immunoprecipitates is consistent with the result shown in Fig.  1B , in which the N-terminal fragment of Dll1 was released to medium and was not found in association with cells.
Having established that Dll1, a Notch ligand but not Notch itself, is cleaved by ADAM12, we examined the effect of Dll1 cleavage on Notch signaling. To monitor the activation status of the Notch pathway, we utilized CBF1-luc reporters containing four (30) or eight binding sites (31) for CBF1, a CSL transcription factor activated by Notch (11) . NIH3T3 cells were transiently co-transfected with mouse Notch1 and a Notch reporter and co-cultured with CHO cells stably transfected with Dll1 (CHO.Dll1) or with empty vector (CHO.Vec). Coculture with CHO.Dll1 cells led to higher activity of the reporter than co-culture with CHO.Vec cells (Fig. 5A) , suggesting that the exogenous Dll1 expressed in CHO.Dll1 cells activated Notch. The extent of this activation was more modest than reported previously in several other studies, in which quail 1, 2, and 5), ADAM12 (lanes 3 and 6) , or ADAM17 (lanes 4 and 7) . Two days after transfection, confluent cells were serum-starved for 30 min and then incubated for 1 h without (lanes 1-4) or with 25 ng/ml PMA (lanes 5-7) followed by analysis of Notch cleavage by Western blotting using anti-c-Myc antibody. TMIC, the S1 cleavage product; NEXT, Notch extracellular truncation, the S2 cleavage product; NICD, Notch intracellular domain, the S3 cleavage product.
QT6 or mouse L fibroblasts were employed to present Notch ligands to Notch-expressing cells (21, 32) . One of the reasons of a modest increase in Notch activity in our system may be that co-culture with control CHO.Vec cells had already stimulated Notch 4 -5-fold when compared with the conditions without CHO.Vec cells (results are not shown). This was most likely due to high expression levels of the endogenous Notch ligands in CHO cells that were capable of Notch activation. In such case, further increase of the amount of ligand by transfecting exogenous Dll1 might have had a limited effect and, understandably, might not have produced additional strong increase in Notch activity. Nonetheless, increased activity of the Notch reporter induced by co-culture with CHO.Dll1 versus CHO.Vec cells was observed for the reporter containing intact, but not mutated, CBF1 binding sites (Fig. 5A) , which validated our coculture assay to measure Notch activation. When Dll1 was further co-expressed with Notch in NIH3T3 cells, the activation of Notch was abolished (Fig. 5B ) due to formation of Notch/Dll1 complexes in cis (19 -22) . Most importantly, further co-transfection of Dll1-processing ADAM12 resulted in re-activation of the Notch reporter (Fig. 5B) . The catalytically inactive mutant of ADAM12, E349Q, which did not process Dll1 (Fig. 1) , did not activate Notch either (Fig. 5B ). This result suggested that when Notch and Dll1 were expressed in the same cell, proteolytic processing of Dll1 increased the ability of Notch to receive signals and to activate its downstream signaling pathway.
We next tested whether Dll1 can serve as a substrate for three other ADAMs that have not been previously implicated in Dll1 cleavage, ADAM9, -15, and -17. All these ADAMs as well as ADAM12 were engineered to contain a C-terminal c-Myc tag 3) or with Dll1 and empty ADAM12 expression vector (lane 2), cell extracts were subjected to immunoprecipitation with antibody (Ab) specific for the C terminus of ADAM12 (lanes 1 and 2) or were incubated without antibody (lane 3), and the immunoprecipitates and inputs were analyzed by Western blotting using anti-Dll1 antibody. C, COS-7 cells were co-transfected with Dll1 and ADAM12, cell extracts were subjected to immunoprecipitation with (lane 1) or without (lane 2) anti-ADAM12 antibody; immunoprecipitates and inputs were analyzed by immunoblotting with anti-Dll1 antibody. The secondary antibody was anti-rabbit IgG, Fc fragment-specific and detected only the heavy chain of anti-ADAM12 antibody used for immunoprecipitation. Notice that the relative abundance of CTF Dll1 was much higher in the input than in the immunoprecipitate. D, the experiment was performed as in B using the Dll1 construct with c-Myc tag in the N-terminal domain. The immunoprecipitates and inputs were analyzed by Western blotting using anti-c-Myc antibody.
FIGURE 5. Proteolytic processing of Dll1 by ADAM12 increases Notch signaling in a cell-autonomous manner.
A, NIH3T3 cells were co-transfected with mouse Notch1 and either a CBF1 reporter (CBF1-Luc; pJH23A) or the same reporter in which CBF1 binding sites were mutated (Mut CBF1-Luc; pJH25A). After 24 h cells were co-cultured with CHO cells stably transfected with vector only (CHO.Vec; white bars) or with CHO-cells stably transfected with Dll1 (CHO.Dll1; black bars). The activities of firefly luciferase, normalized to Renilla luciferase as internal control, were assayed 24 h later. B, NIH3T3 cells were transiently co-transfected with Notch1, a CBF1 reporter (pJT123A) and Dll1, wild type ADAM12 (A12), or catalytically inactive ADAM12 (E349Q A12) as indicated. After 24 h, cells were co-cultured for an additional 24 h with CHO.Vec (white bars) or CHO.Dll1 cells (black bars) followed by measurement of luciferase activity. Notice that co-expression of Dll1 with Notch in the same cell inhibits Notch signaling induced by CHO.Dll1 (black bars) in the absence of A12 or in the presence of the E349Q mutant (*, p Ͻ 0.05). In the presence of catalytically active A12 the inhibition was diminished and was not statistically significant. In A and B, error bars represent S.E. of the mean (n ϭ 3).
for a common detection with anti-c-Myc antibody (Fig. 6 ). Cotransfection with Dll1 demonstrated that ADAM9 and -17, similarly to ADAM12, had catalytic activity toward Dll1, but ADAM15 was not able to process Dll1 (Fig. 6A) . After comparing the amounts of the 29-kDa fragment of Dll1 and the amounts of mature, catalytically active forms of each ADAM, we concluded that the cleavage of Dll1 occurred with the following potency order: ADAM17 Ͼ ADAM12 Ͼ ADAM9. Interestingly, all ADAM proteins used in this study formed stable complexes with Dll1, as assessed by co-immunoprecipitation with anti-c-Myc antibody (Fig. 6B) . Thus, ADAM15 interacted with Dll1 but was unable to cleave it. Importantly, ADAM15 contains a consensus sequence of the catalytic site of zinc-dependent metalloproteases and appears catalytically active (33) .
To better understand the molecular features that are required for Dll1 cleavage, we compared the sequences of the catalytic site of Dll1-processing ADAMs and of ADAM15. In addition to the newly identified Dll1-processing enzymes ADAM9, -12, and -17, we included the sequence of the catalytic site of ADAM10, a well established Dll1 cutter (13, 14) . The consensus motif for ADAM proteases is HEXXHXXGXXH (34), with three His residues binding a zinc ion at the active site and Glu being the catalytic residue (Fig. 7A) . We observed that all Dll1-cleaving ADAMs contained an Asn after the second His. In contrast, ADAM15 contained a Ser (Ser-354) at this position. We thus asked whether the identity of the amino acid following the second His was important for Dll1 cleavage. We generated two mutants, N353S ADAM12 and S354N ADAM15. When expressed in COS-7 cells, both mutants were processed correctly, and both their nascent and mature forms lacking the pro-domains were detected (Fig. 7B) . Although the N353S ADAM12 mutant completely lost its ability to process Dll1, the S354N ADAM15 mutant did not gain catalytic activity toward Dll1 (Fig. 7B) . The lack of Dll1 processing by N353S ADAM12 was not due to its lost capacity to interact with Dll1, as demonstrated in the co-immunoprecipitation experiment (Fig. 7C) . We thus conclude that Asn-353 in ADAM12 is necessary for Dll1 cleavage, but the presence of Asn at the corresponding position in ADAM15 is not sufficient for the cleavage. Fig. 7D shows a predicted structure of the metalloprotease domain of ADAM12, obtained by homology modeling using the structure of ADAM33 metalloprotease as a template. It is apparent that the side chain of Asn-353 faces the catalytic cleft, where it might participate in the interactions with Dll1.
To determine whether ADAM proteases studied in this work can process Dll1 when they are expressed at the endogenous levels, we compared the amount of Dll1 cleavage in wild type (wt) and ADAM9/12/15 Ϫ/Ϫ triple knock-out (T) MEFs. Dll1 was transfected into wt-MEFs or T-MEFs, and the extent of Dll1 cleavage was examined by subjecting total cell lysates to immunoblotting with anti-Dll1 antibody (Fig. 8A) or by immunoprecipitation of FL Dll1 and CTF Dll1 from 35 S-labeled cells (Fig. 8B) . The level of Dll1 cleavage mediated by endogenous proteases in MEFs was significantly lower than the cleavage observed in COS-7 overexpressing ADAM9, -12, or-17 (compare Fig. 8A and Fig. 6A ). Significant differences in the intensities of the bands corresponding to FL Dll1 and CTF Dll1 in Fig.  8A precluded an accurate quantification of the extent of cleavage (the CTF Dll1/FL Dll1 ratio). These differences were even more pronounced in Fig. 8B because the number of cysteine and methionine residues in FL Dll1 is ϳ10 higher than in CTF Dll1 (13) . Nevertheless, whereas the amounts of FL Dll1 in wtMEFs and T-MEFs were similar, the level of CTF Dll1 in T-MEFs corresponded to ϳ60% of the level in wt-MEFs (Fig. 8,  A and B) . Because ADAM15 is not capable of cleaving Dll1 (Fig.  6A) , this result suggested that ADAM9 and/or ADAM12 contributed to Dll1 processing in wt-MEFs.
Activation of the Notch pathway inhibits myogenic differentiation in vitro and in vivo (35) (36) (37) (38) (39) , suggesting that this pathway may act to maintain the myogenic cells in an undifferentiated proliferating state (40 -43) . Here, we asked whether the endogenous Dll1 present in myogenic cells interacts with ADAM12, whether it undergoes proteolytic processing, and what role ADAM12 might have in this processing. To address these questions, we used mouse primary myoblasts, which express the endogenous Dll1 and ADAM12 and in which the expression of both proteins increases during the first few days after transfer to differentiation medium (42, 44, 45) . As shown in Fig. 9A , the endogenous ADAM12 co-immunoprecipitated with the endogenous Dll1 from primary myoblasts. Metabolic labeling of cells with [ 35 S]methionineϩcysteine followed by immunoprecipitation with anti-Dll1 antibody revealed the presence of antibody-specific bands of 90 and 29 kDa, corresponding to the FL Dll1 and CTF Dll1, respectively. Transfection of cells with three different siRNAs targeting ADAM12, but not with a control siRNA, decreased ADAM12 protein levels by ϳ50 -60% and reduced the amount of CTF Dll1 by more than 50% (Fig.  9B) . Thus, we conclude that the endogenous Dll1 is subject to proteolytic processing in confluent, differentiating myoblast cultures, giving rise to the 29-kDa fragment, and that the endogenous ADAM12 contributes to this processing.
DISCUSSION
Notch ligands undergo proteolytic processing by ADAMs, but the identities of ADAMs that can mediate cleavage as well as the consequences of such processing are not clear. In Drosophila, the best characterized Notch ligand is Delta. Co-transfection experiments in Drosophila S2 cells demonstrated that three ADAMs could cleave Delta:Kuzbanian (a Drosophila homolog of ADAM10), Kuzbanian-like (Kul), and DTACE (a homolog of ADAM17) (17, 23) . Interestingly, DMeltrin, a Drosophila homolog of ADAM12, clearly lacked the ability to process Delta (23) .
Mammalian Dll1 expressed in HEK293, COS, CHO, N2a, or NIH3T3 cells was cleaved by endogenous ADAMs present in these cells (12) (13) (14) . Transfection of Dll1 into ADAM10 Ϫ/Ϫ or ADAM10 ϩ/ϩ MEFs demonstrated that the cleavage was reduced by ϳ50% in the absence of ADAM10 (13) . This result suggested that ADAM10 was only partially responsible for Dll1 cleavage and that other ADAMs catalyzed the remaining cleavage of Dll1 in ADAM10 Ϫ/Ϫ cells. MEFs express several catalytically active ADAMs, including ADAM9, -12, -15, and -17 (16), and we focused our study on these proteases. ADAM17 is the closest relative of ADAM10, and its activity toward Dll1 has been somewhat expected (13) . Dll1 processing in CHO cells was not affected, however, by the ADAM17 inhibitors batimastat or TAPI-1, raising questions about the ability of ADAM17 to cleave Dll1. Processing of Dll1 by ADAM9, -12, or -15 has not been tested previously.
Here we show that ADAM 9, -12, and -17, but not ADAM15, when co-transfected with Dll1 into COS-7 cells, are capable of Dll1 cleavage. Although we have not determined the exact cleavage sites in Dll1, each of these ADAMs generated a CTF of a similar size, suggesting that the cleavage sites were either identical or located very close to each other. In the case of ADAM12, we provided evidence that Dll1 processing was accompanied by the release of the N-terminal fragment of Dll1 to medium, it was cell density-dependent and occurred in cis, and it was weakly stimulated by PMA. Furthermore, processing of Dll1 transfected into ADAM9/12/15 Ϫ/Ϫ MEFs was diminished when compared with processing in wild type MEFs. This result suggested that Dll1 was also subject to processing by the endogenous ADAM9 or ADAM12 or both (since ADAM15 was not capable of cleaving Dll1 even when overexpressed in COS-7 cells, most likely it did not contribute to Dll1 processing in MEFs at the endogenous level). Although the reduction of Dll1 cleavage in ADAM9/12/15 Ϫ/Ϫ MEFs was rather modest (ϳ40%), it was consistent with ϳ50% inhibition of Dll1 processing observed in ADAM10 Ϫ/Ϫ MEFs (13) and with the remaining activity of ADAM17, which might have also contributed to the processing.
Our studies show that Asn-353 in ADAM12 is required for Dll1 cleavage. Replacement of Asn-353 with a Ser residue found in ADAM15 completely abolished ADAM12 activity toward Dll1. Consistently, other ADAMs capable of cleaving Dll1, namely ADAM9 and -17 (this study) and ADAM10 (13) , also contain an Asn residue at the corresponding position, suggesting that this may be a general feature of Dll1-processing ADAMs. Currently, high resolution structures of metallopro- tease domains are available only for ADAM17 and ADAM33. Analysis of the architecture of the catalytic site in ADAM17 and in the predicted structure of ADAM12 modeled onto the closely related ADAM33 (this work) indicates that the side chain of Asn-410 in ADAM17 and of Asn-353 in ADAM12 face the catalytic cleft and, thus, might be involved in the interaction with Dll1. Replacement of Ser-354 in ADAM15 with Asn, however, did not increase Dll1 cleavage by ADAM15, indicating that the presence of Asn at that position is not sufficient for Dll1 processing and that other molecular events in ADAMs are required for efficient cleavage of the Dll1 substrate.
The ability of ADAM12 to cleave Dll1 and the apparent lack of activity toward Notch allowed us to study the effect of ligand cleavage on Notch signaling. Although shedding of the extracellular domain of Notch ligand limits the ligand presentation in trans and terminates Notch signaling in a neighboring cell (17, 18) , cell-autonomous effects of ligand cleavage are less clear. Notch ligands form complexes in cis with Notch, which leads to sequestration of Notch receptors, reduction of Notch receptivity to signals from outside, and attenuation of Notch signaling (19 -22) . Shedding of the extracellular domain of the ligand could relieve this inhibitory effect and activate Notch, a scenario that is supported by results of in vivo experiments in flies. Overexpression of Kuzbanian-like in juxta-marginal cells in Drosophila wing discs (which are characterized by high levels of Delta and low levels of Notch signaling) resulted in increased expression of Notch target genes (23) . Alternatively, the C-terminal fragment of a ligand could compete with Notch S2 cleavage product for ␥-secretase and, thus, interfere with Notch signaling. Indeed, overexpression of an ectodomain-truncated Jagged 1 in COS-7 cells together with an ectomain-truncated Notch led to inhibition of the Notch function (14) . However, expression of a truncated Jagged that mimicked an already cleaved Jagged, did not allow evaluation of the actual effect of the removal of the N-terminal portion of Jagged by ADAMs. In our studies, both Dll1 and Notch constructs represented the intact proteins, and the relative contribution of Dll1 ectodomain shedding (a stimulatory effect) and competition of Dll1 and Notch C-terminal fragments for ␥-secretase (an inhibitory effect) were addressed. Our results demonstrate that ADAM12, capable of mediating a constitutive cleavage of Dll1 but not of Notch, activated Notch signaling in a cell autonomous manner, whereas the catalytically inactive ADAM12 mutant did not process Dll1 and did not activate Notch. Thus, alleviation of the inhibition of Notch mediated by Dll1 appears to outweigh the generation of a Dll1 fragment that can compete for ␥-secretase.
The essence of Notch signaling is the amplification of small differences in the levels of Notch receptors and their ligands between adjacent cells (1) (2) (3) . Cells that are initially equivalent but at one point develop a bias toward receptors or ligands will eventually become signal-receiving and signal-sending cells, respectively. Amplification of the differences in receptor/ligand levels is mainly achieved by a transcriptional feedback mechanism (1) (2) (3) . We propose that proteolytic cleavage of Dll1 may represent another mechanism for reinforcing small differences in the signaling capacities of different cells and for establishing the uni-directionality in Notch signaling. 35 S]methionineϩcysteine, and 16 h later cell lysates were subjected to immunoprecipitation using anti-Dll1 antibody, as indicated. The immunoprecipitates were resolved by SDS-PAGE and analyzed by autoradiography. The intensities of the bands corresponding to FL Dll1 and CTF Dll1 were determined after short exposure times (left) and long exposure times (right), respectively, and the results were plotted as in A (mean Ϯ S.E., n ϭ 2). In A and B, cells were incubated for 6 h in the presence of 1 M ␥-secretase inhibitor L685,458 before harvesting. FIGURE 9. Endogenous ADAM12 co-immunoprecipitates with Dll1 and contributes to Dll1 cleavage in primary mouse myoblasts. A, primary mouse myoblasts grown to confluence and incubated for 1 day in differentiation medium were subjected to immunoprecipitation with anti-ADAM12 antibody. The immunoprecipitates were analyzed by immunoblotting with anti-ADAM12 (top) or anti-Dll1 antibody (bottom). B, primary mouse myoblasts were transfected with one of three ADAM12 siRNAs or control siRNA, as described under "Experimental Procedures." One day after transfection, cells reached confluence and were transferred to differentiation medium. After 24 h, cells were metabolically labeled with [ 35 S]methionineϩcysteine for 10 h, 1 M ␥-secretase inhibitor L685,458 was added, and the labeling was continued for next 6 h. The level of endogenous ADAM12 was analyzed by Western blotting after partial purification on concanavalin A-agarose (bottom). In parallel, the endogenous Dll1 was immunoprecipitated with anti-Dll1 antibody (Ab), and the immunoprecipitates were analyzed by SDS-PAGE and direct autoradiography (top). The exposure time of the region in the autoradiogram containing the FL Dll1 was five times longer that the exposure time of the region containing CTF Dll1. Notice that the abundance of CTF Dll1 is diminished in cells transfected with ADAM12 siRNAs.
During myogenic differentiation in vitro, a pool of seemingly equivalent cells assume different fates that coincide with different levels of Notch signaling (42) . In proliferating cells and then in cell cycle-arrested but undifferentiated "reserve cells," the Notch activity is high, whereas in differentiated myotubes the level of Notch signaling is low (42) . Although Notch signaling is generally regulated at multiple levels, one of the most direct mechanisms involves regulation of expression and membrane localization of Notch ligands. In Xenopus, expression of XDelta-1 is positively regulated at the transcriptional level by MyoD (46) . In Drosophila, expression of Delta has been recently shown to be negatively regulated by dmiR-1 (47), a muscle-specific microRNA (48) . Our results suggest that in mouse myogenic cells, the Dll1 protein may be additionally regulated at the post-translational level by cell surface proteolysis and that ADAM12 is one of the ADAM proteases mediating this processing (Fig. 9) . Interestingly, gene profiling experiments suggest that several ADAMs capable of cleaving Dll1, including ADAM9, -10, and -12, are strongly up-regulated during muscle regeneration in vivo (Ref. 49 ; data are available at the Children's National Medical Center web site), and several reports suggested a role for ADAM12 in myogenesis (50, 51) . Whether Dll1 processing by ADAMs indeed represents a mechanism of regulation of Notch signaling during myogenic differentiation associated with muscle regeneration remains to be determined.
